Preplant irrigation can impact fertilizer management in winter wheat. The objective of this study was to evaluate the main and interactive effects of preplant irrigation, N fertilizer application timing, and different N, P, and K fertilizer treatments on grain yield and WUE. Several significant two-way interactions and main effects of all three factors evaluated were observed over four growing seasons for grain yield and WUE. These effects could be described by differences in rainfall and soil moisture content among years. Overall, grain yield and WUE were optimized, if irrigation or adequate soil moisture were available prior to planting. For rain-fed treatments, the timing of N fertilizer application was not as important and could be applied before planting or topdressed without much difference in yield. The application of P fertilizer proved to be beneficial on average years but was not needed in years where above average soil moisture was present. There was no added benefit to applying K fertilizer. In conclusion, N and P fertilizer management practices may need to be altered yearly based on changes in soil moisture from irrigation and/or rainfall.
Introduction
Winter wheat (Triticum aestivum L.) is cultivated on approximately three million hectares of the of the United States' Central Rolling Red Plains, present in parts of Kansas, Oklahoma, and Texas [1] . The vast majority of these wheat hectares are cultivated under rain-fed conditions without irrigation. There are small isolated areas where wheat is grown with the aid of irrigation; one area in particular is the Lugert-Altus Irrigation District in southwestern Oklahoma. The irrigation water in this district is delivered to producer fields via canals from the Lake Lugert-Altus reservoir and applied through furrow or flood irrigation techniques. Though most of the water is utilized to irrigate cotton (Gossypium hirsutum L.), some producers have taken advantage of the available reservoir water in summer months to soften heavy textured surface soils in order to cultivate and prepare ground prior to wheat planting. The yearly amount of wheat hectares receiving irrigation in the counties that include the district ranges from zero hectares in years where there is not sufficient water in the reservoir to about 4,000 hectares [2] .
Studies have shown that wheat planted into moist soil typically has increased emergence, stand establishment, and root growth, which can all lead to potentially higher grain yields [3] . The improved root development beneficially increases the potential soil water and nutrient reservoirs of the growing crop [4] . Researchers have reported that early season root growth can be stimulated with fertilizer, mainly nitrogen (N), which increases the potential for greater water extraction from the soil profile. Studies in wheat have reported that increases in N fertilizer rate, typically increase water use efficiency (WUE) in both irrigated systems [5] [6] [7] and rainfed systems [8] [9] [10] .
As previously stated, early increased root growth from adequate soil moisture can be advantageous for soil nutrient acquisition. This would be beneficial for nutrients that are immobile in the soil, such as P and K. Relationships between soil water dependent root growth and plant P uptake have been observed in cereal grains, mostly because of the effects of soil moisture on the movement of phosphorus via diffusion and root development [11, 12] . Researchers have observed that plants take up more native soil P in more moist soil Table 1 : Fertilizer rates and average soil test P and K for treatments in this study. N fertilizer was applied as urea (46-0-0) either preplant or midseason depending upon subplot assignment. P and K fertilizer treatments were all applied preplant as triple super phosphate (0-20-0) and muriate of potash (0-0-50), respectively. 
a Soil test and values derived from Mehlich 3 solution extraction (Mehlich, 1984 [30] ).
environments and that the uptake of fertilizer P is not as sensitive to changes to soil moisture content [12] [13] [14] . A similar relationship between the plant availability of K and soil water dependent root growth also exists. Adequate or increased soil moisture content typically leads to increased root growth as well as the diffusive flux of K to the root surface [15] [16] [17] . Providing adequate soil moisture content has also been shown to increase the efficiency of K fertilizer applications [17, 18] . The interactive effects of irrigation and N, P, and K fertilization have been evaluated with N most commonly being evaluated with P or K or the three together. The response to N fertilization is typically almost always observed regardless of irrigation or soil moisture content, but a response to P and/or K fertilization along with N fertilization is dependent on the amount of soil moisture, the timing the moisture is received by the growing crop, and the soil type [19] [20] [21] .
Because N is mobile in the soil and taken up by the plant via mass flow mechanisms, N is typically taken up in greatest quantities during periods of active growth [22] . Much research has been conducted comparing yields and N fertilizer recovery of application timings and amounts in winter wheat. Some research has reported little to no added benefit to grain yield from spring or split N fertilization applications [23] , but others have reported that significant grain yield increases when fertilization is split or spring applied [24, 25] . One consensus that has been reached is that split or spring N fertilizer applications increases the recovery of fertilizer N in the grain [23, 24, 26, 27] .
The objective of this paper was to evaluate the effect of preplant irrigation, N fertilizer application timing, and P and K fertilization on winter wheat grain yields and WUE on a long-term soil fertility experiment site. The results of this evaluation will be used to assist in making proper N, P, and K fertilizer recommendations for optimizing grain yield and WUE in in the Central Rolling Red Plains.
Materials and Methods
This experiment was conducted at the Oklahoma State University Southwest Research and Extension Center located near Altus, Oklahoma. The soil type for the study area is a Hollister (Fine, smectitic, thermic Typic Haplusterts) silty clay loam [28] . The Hollister soil series is mapped extensively on over 900,000 hectares in the Central Rolling Red Plains and is used mainly for crop production [29] . The data was collected from a long-term winter wheat N, P, and K fertilizer trial that was established in 1966.
Treatments for the study area were split into areas that received either a single preplant irrigation or were strictly rain-fed. The N fertilizer treatments were applied all at once prior to planting or midseason just prior to first hollow stem at a rate of 45 kg N ha −1 or 90 kg N ha −1 as urea (46-0-0). The P fertilizer treatments were applied all at once prior to planting at a rate of 20 kg P ha −1 as triple super phosphate (0-20-0). The K fertilizer treatments were also applied all at once prior to planting at a rate 37 kg K ha −1 as muriate of potash (0-0-50). A detailed list, with an assigned fertilizer treatment number, of the combination N-P-K fertilizer treatments along with an unfertilized check are described in Table 1 . Irrigation water was always applied in late July or the first part of August using flood irrigation techniques at a rate of 100 mm. Fertilizer treatments that were applied prior to planting were broadcast applied 30 to 45 days after irrigation and 45 to 60 days prior to planting and incorporated using conventional tillage techniques. Plots were broadcast seeded at a rate of approximately 100 kg ha −1 . Planting took place around the first of October and grain harvest occurred around the first of June. Best agronomic practices were employed for pest management and control. Specific dates of agronomic activities for each site year analyzed are reported in Table 2 .
Plots for the irrigated and rain-fed treatments were 5.7 by 18.3 meters and 8.5 by 30.5 meters, respectively. Individual plots were harvested with a self-propelled, small plot grain combine and grain yields were adjusted to 12.5 percent moisture. Water use efficiency (WUE) was calculated for each treatment as the grain yield per unit of area per amount of water added through irrigation and rainfall and reported as kg ha −1 mm −1 . Weather data, which includes daily precipitation, temperature, and the 0 to 40 cm fractional water index (FWI), was downloaded from the nearby Oklahoma Mesonet [31] climate monitoring station. The FWI is a normalized value which ranges from 0.00 for very dry soil to 1.00 for soil at field capacity [32] . A summary of the collected weather data is displayed in Figures 1 and 2 .
Growing seasons to be analyzed for this trial were selected by years that contained accurate irrigation data and reliable weather data and years where the wheat crop was taken to grain harvest. Prior to the 2001-2002 growing season, all N fertilizer treatments were applied preplant. After the 2001-2002 growing season, the N fertilizer treatments were split where half the N fertilizer treatments were applied all preplant or all midseason. After all the selection criteria were applied, four site years (2002-2003, 2003-2004, 2007-2008, and 2010-2011) were chosen for analysis. From this point forward, the site years will be referred to by the year of their grain harvest.
Soil test P and soil test K values had been collected at random times throughout the duration of this trial and were derived from a Mehlich 3 solution extraction [30] . Typically, soil samples were collected at a depth from 0 to 15 cm prior to fertilization and planting in the late summer. An average soil test value from over the entirety of this trial for each treatment is provided in Table 1 .
The experimental design was a split-split plot design with three replications. The main plot was water (irrigated, rainfed). The subplot was N fertilizer application timing (preplant and midseason). The sub-subplot was the N, P, and/or K fertilizer rate treatment ( Table 1) . Analysis of variance was used to determine significant (alpha = 0.10) main and interaction effects of treatments on grain yield and WUE. Nonorthogonal contrasts were utilized to determine differences in specific treatment groupings.
Results

Effect on Grain
Yield. Analysis of variance showed that there is no significant three-way interaction between irrigation, N fertilizer application time, and fertilizer treatment for any of the four growing seasons (Table 3) . However, all three two-way interactions were significant for the 2003, 2008, and 2011 growing seasons. In 2004, there were no significant interaction effects, but all three main effects were observed to be significant (Table 3) .
For the two-way interaction of irrigation and N fertilizer application timing for 2003, 2008, and 2011, grain yields were typically higher for treatments that were irrigated prior to planting (Table 4) . Grain yields increased from 134 to 456 kg ha −1 for irrigated plots that received N fertilizer preplant compared to irrigated plots that received topdress N fertilizer in February or March. Minimal difference was observed between rain-fed treatments that received N preplant compared to those that received topdress N. Rain-fed treatments that received topdress N fertilizer applications in the spring had from 51 to 285 kg ha −1 higher grain yields than rain-fed treatments that received N fertilizer prior to planting.
When comparing the interaction of N fertilizer application timing and fertilizer treatment, grain yields were typically higher in plots that received 90 kg N ha −1 prior to planting and had P fertilizer added in both 2003 and 2008 (Table 5) . Single degree-of-freedom contrasts revealed a few significant differences ( Table 5 (Table 6 ). Single degree-of-freedom contrasts revealed numerous significant differences (Table 6 ). Irrigated plots that received both rates of N and P fertilizer and K fertilizer had increased yields compared to the same rain-fed treatments. For the other treatments that received 90 kg N ha −1 , there was no difference in P fertilization under rain-fed conditions and no meaningful differences were observed with the addition of K fertilizer under irrigated and rain-fed conditions.
In 2004, significant differences among the main effects of fertilizer treatment and N application time were observed.
Overall, treatments that received 90 kg N ha −1 compared to 45 kg N ha −1 had higher grain yields (Table 7) . Single degreeof-freedom contrasts showed that there was no effect of adding P or K fertilizer in 2004 (Table 7) . Grain yields of treatments receiving preplant N fertilizer applications were significantly higher than topdress N fertilized treatments, but only by 139 kg ha −1 .
Effect on Water Use
Efficiency. Analysis of variance on WUE found no significant three-way interaction for irrigation, N application time, and fertilizer treatment for site-years (Table 3 ). The 2003 and 2011 growing seasons had a significant two-way interaction for irrigation and fertilizer treatment. All four site-years had a significant two-way interaction for N fertilizer application timing and fertilizer treatment ( a Standard error of the difference for the interaction of N application timing and fertilizer treatment. * , * * , and * * * are significant at the 0.1, 0.01, and 0.001 level, respectively. ns: not significant at the 0.1 level.
As previously stated, the two-way interaction of N fertilizer application time and fertilizer treatment on WUE was significant for all four years. The 2008 growing season had the highest WUE values across all treatments, whereas the 2011 growing season had the lowest WUE values across all treatments. This is likely because 2008 had the highest grain yield for all years evaluated and 2011 had the lowest grain yields for all years evaluated. Fertilizer treatment groupings that were partitioned using single degree-of-freedom contrasts revealed several significant differences ( Table 8) rain-fed plots. In 2011, irrigated treatments had slightly lower WUE values but were not as high as 2003 (Table 9) . Several groupings based upon fertilizer treatment and irrigated versus rain-fed moisture conditions exhibited significant differences based upon single degree-of-freedom contrasts (Table 9 ). Irrigated treatments that received P or K fertilizer applications had decreased WUE for both years compared to rain-fed treatments. Treatments that received 45 kg N ha
had lower WUE values in irrigated plots compared to rain-fed plots for both 2003 and 2011. The same trend was observed for plots that received 90 kg N ha −1 in 2003, but there was no significant difference in WUE for irrigated versus rain-fed plots in 2011. For the 2003 growing season, the addition of P or K fertilizer compared to plots that did not receive P or K fertilizer revealed only two significant differences in WUE values. Irrigated treatments that did not receive K fertilizer had higher WUE values than treatments that received K fertilizer. Irrigated treatments that received 90 kg N ha −1 and P fertilizer application had increased WUE values compared to treatments that did not receive P fertilizer. In 2011, regardless whether the treatment was irrigated or rain-fed or whether the higher rate of N was applied, WUE values were always lower in plots that received P or K fertilizer.
Discussion
The increased grain yield for plots that received a flush of irrigation and N fertilizer prior to planting in 2003, 2008, and 2011 is what was to be expected based upon others findings [3] . The adequate soil moisture at planting allowed for an improved stand establishment coupled with stimulated root and plant growth from the addition of N fertilizer. The interaction of irrigation and N fertilizer application timing was found not to be significant in 2004. This is likely because, in 2004, 131 mm of rain was received between late July and early October, the most for any of the four years analyzed (Figure 1 ). This amount of rainfall possibly negated the effect of preplant irrigation on plant growth. The minimal increase in grain yields in 2003, 2008 , and 2011 for rain-fed plots that received topdress N fertilizer could likely be due to the N fertilizer being applied to an actively growing crop with an established root system compared to that being applied prior to planting. There have been numerous conflicting results reported as to which is the most appropriate N application time to maximize grain yields in rain-fed winter wheat. The results, that spring only N fertilizer applications have the potential to produce higher grain yields, reported in this study do agree with what has been reported by others such as Vaughan et al. [33] .
As stated earlier, treatments that received the high N fertilizer rate prior to planting and P fertilizer exhibited higher grain yields in 2003 and 2008 (irrigated and/or rainfed). Differences likely were not seen in 2004 because of ample precipitation and in 2011 because of severe drought (Figure 1 ). The only logical explanation for the significant increase in grain yield for the 2003 fertilizer treatments that received 45 kg N ha −1 midseason compared to N applications prior to planting is that the period from planting to the average break of dormancy received the most amount of rainfall of any of the four years analyzed (Figure 1 ). The soil being near saturation during this period, confirmed by the elevated FWI values over this time (Figure 2 ), is ideal for N losses via denitrification [34] .
The average soil test P values since the establishment of this trial for treatments that do not receive P fertilizer and do receive P fertilizer were 6 and 21 mg P kg −1 for the irrigated site and 4 and 27 mg P kg −1 for the rain-fed site, respectively (Table 1) . Based on the soil test P values and the current Oklahoma State University recommendations [35] , the sites that have received P fertilizer over the 45 plus years of this experiment have maintained soil test P values above sufficient levels. The treatments not receiving any P fertilizer have been at best 50 percent sufficient; thus it can be concluded when differences in P fertilizer response were detected, it was likely due more to the treatment being deficient in P and not so much the addition of P fertilizer.
A response to K fertilization on the soil type used in this study is not to be expected. The Hollister soil series has a clay mineralogy class denoted as smectitic [29] . Smectitic or montmorillonitic clays in semiarid regions are known for their shrink-swell properties and typically are high in K that is easily exchangeable or fixed within the clay lattices [36, 37] . The average soil test K values since the establishment of this trial for treatments that do not receive K fertilizer and do receive K fertilizer were 302 and 328 mg K kg −1 for the irrigated site and 334 and 368 mg K kg −1 for the rainfed site, respectively. Treatments that have not received any K fertilizer in the 45 plus years of this experiment have soil test values well above the sufficient soil test K level that is recommended by Oklahoma State University [35] . The significant increase in grain yield in 2008 for the K fertilized treatments that received preplant N compared to those that received topdress N could be related to the drier soil moisture conditions from planting until the break of dormancy. The improved or more distributed root growth from the addition of N fertilizer could have aided in the uptake of increased K and other nutrients during which was the driest period from planting to the average break of dormancy for the four years analyzed (Figure 1) . When comparing the individual N, P, and K treatments that were either irrigated or rain-fed in 2003, 2008, and 2011, logically the irrigated treatments displayed higher grain yields. The response to P fertilizer was expressed for the 2003 and 2008 growing seasons and was more pronounced in the irrigated treatments compared to the rain-fed treatments. The only unexplainable trend when comparing the interaction of irrigation and fertilizer treatment was the significant reduction in grain yield in 2003 for irrigated treatments that received K fertilizer compared to plots not receiving K fertilizer. The only rational explanation is something besides treatments affected one of the plots and was not documented anywhere.
The 2011 growing season was characterized as the year that received the least rainfall of any of the four years analyzed a Standard error of the difference for the interaction of fertilizer treatment and water treatment. * , * * , and * * * are significant at the 0.1, 0.01, and 0.001 level, respectively. ns: not significant at the 0.1 level.
( Figure 1 ). Trends of decreased yields with the addition of P and K fertilizers and the higher rate of N fertilizer applications were observed for this year. Though these yield decreases were minimal and sometimes not significant, they need to be accounted for. One possible explanation could be that there was a reduced stand and reduced early plant growth caused by salt injury from the fertilizer. Fertilizer injury from N, P, and K sources are well known and documented and low soil moisture content can greatly increase the potential of fertilizer damage [38] [39] [40] . The 2004 growing season was the only year evaluated that did not have any significant differences for the three-way or any of the two-way interactions. This is thought to be because there was more than sufficient rainfall provided throughout the growing season to negate any effect of preplant irrigation (Figure 1) . The 2004 crop year had the highest amount of total rainfall for any of the crop years evaluated in this study. The distribution of rainfall for the 2004 crop year was fairly evenly distributed with high amounts of precipitation prior to planting to ensure stand establishment and high amounts of rainfall coming around the break of winter dormancy and continuing on through times of rapid growth and nutrient uptake in the spring (Figure 1 ). This is also exhibited in the trends of the FWI over the growing season (Figure 2) . The 2004 crop has the highest FWI at the time of planting, the two weeks prior to, and the two weeks after the topdress N fertilizer application. The lack of differences between treatments that received P fertilizer compared to treatments that did not receive P fertilizer during a year of adequate soil moisture has been reported by other researchers [12] [13] [14] . The logic behind this is that adequate water allows for increased root development, which leads to the plant's ability to acquire more of the native soil P. Producers in a rain-fed cropping system will not know at planting, when P fertilizer is applied, whether they will have sufficient moisture throughout the growing season to utilize more native soil P. Nonetheless, it would still be recommended that producers should soil test and apply P fertilizer to attain sufficient levels.
Because of the methodology used to calculate the WUE for each plot, most of the trends and differences in WUE were similar to the trends and differences observed in grain yield. The methodology used assumes that each plot utilizes the same amount of moisture added. To more accurately measure WUE for each treatment, the soil profile moisture concentration should be collected at both the beginning and the end of the growing season for each plot to know whether the crop utilized more or less soil moisture. One trend that was observed in WUE is that as N fertilizer's rate increased, as long as there is adequate moisture provided, the WUE increased as well and this has been documented by several other researchers [5, 6, 41] . Again, the logic is that with adequate moisture, the addition of N fertilizer stimulates root growth, which can easily promote the acquisition of more soil water and/or soil nutrients.
Conclusions
Based upon the findings, whether irrigation or adequate soil moisture conditions are available prior to planting, applying sufficient N fertilizer preplant is most beneficial to grain yield and WUE in the Central Rolling Red Plains. When the only source of moisture is through the naturally occurring rainfall and soil moisture conditions are average or below average, application timing of N fertilizer is not as important and can either be applied prior to planting or topdressed in the spring or potentially split between the two. The application of P fertilizer can be beneficial and producers should soil test and apply P fertilizer to achieve sufficient soil test levels to assist in optimizing grain yields. The application of K fertilizer is likely not beneficial in this region on these soil types and possibly even aided in the reduction of grain yields during dry years due to salt injury. In conclusion, having knowledge of the soil moisture content at certain times of the growing season, producers can better manage their fertilizer practices in the Central Rolling Red Plains. 
